Extensive calculations based on density functional theory have been carried out to understand the dependence of magnetic coupling on the concentration and distribution of V dopants in bulk ZnO. We considered three different doping concentration of V, namely 5.6%, 8.3% and 12.5%. At low doping concentration, ferromagnetic, anti-ferromagnetic and ferrimagnetic couplings are energetically nearly degenerate. Consequently, thermal fluctuation in samples may cause diverse magnetic behaviors. However, the ferromagnetic state becomes stable as the concentration of V increases to 12.5%. At low concentrations (5.6% and 8.3%) V atoms substitute Zn atoms uniformly in bulk ZnO, while they tend to cluster when their concentration reaches 12.5%. The present study provides an understanding of the conflicting experimental observations in V-doped bulk ZnO. [doi:10.2320 If the coordination is further increased to its bulk phase, the equilibrium state of the system is nonmagnetic. Bulk V, however, can become ferromagnetic (FM) when the lattice constant is expanded 1) to reduce d-d interactions. Based on these known facts, it might be possible to introduce magnetism in V by supporting V atoms on substrates and thus by controlling their inter-atomic separation. In particular, V-doped dilute magnetic semiconductors (DMS) may be good candidates for spintronics applications. In this context, ZnO is one of the best hosts to consider as it is a transparent wide-band gap semiconductor with novel piezoelectric and electro-optic properties. It has a wide range of applications in optical coatings, light emitting diodes, chemical sensors, and catalysts for hydrogenation/ dehydrogenation reaction.
Vanadium, with atomic configuration of [Ar] 3d 3 4s 2 , carries an atomic magnetic moment of 3 B , while V 2 dimer has the ground state configuration of 3 P g À with each V atom carrying a magnetic moment of 1 B . If the coordination is further increased to its bulk phase, the equilibrium state of the system is nonmagnetic. Bulk V, however, can become ferromagnetic (FM) when the lattice constant is expanded 1) to reduce d-d interactions. Based on these known facts, it might be possible to introduce magnetism in V by supporting V atoms on substrates and thus by controlling their inter-atomic separation. In particular, V-doped dilute magnetic semiconductors (DMS) may be good candidates for spintronics applications. In this context, ZnO is one of the best hosts to consider as it is a transparent wide-band gap semiconductor with novel piezoelectric and electro-optic properties. It has a wide range of applications in optical coatings, light emitting diodes, chemical sensors, and catalysts for hydrogenation/ dehydrogenation reaction.
Recently, several groups have experimentally studied the magnetic properties in V-doped ZnO systems [2] [3] [4] [5] [6] [7] [8] [9] [10] with rather conflicting results. Saeki et al. 2, 3) observed FM behavior with a Curie temperature higher than 350 K while Hong et al. 4, 5) found room-temperature ferromagnetism along with a spinglass-like behavior at low temperatures. Venkatesan et al. 6) and Neal et al. 7) have respectively reported the observation of anisotropic ferromagnetism, and room-temperature ferromagnetism. Ramachandran et al., 8) on the other hand, have reported that the Zn 1Àx V x O system does not exhibit any signature of ferromagnetism neither at room temperature nor at lower temperatures down to 10 K, while Saeki and co-works 9) recently reported paramagnetism at 10 K. Zhou et al. 10) recently indicated no pronounced ferromagnetism was observed down to 5 K in V-implanted ZnO single crystal.
Similar conflicting conclusions have also been reached in theoretical studies. A recent theoretical study 11) based on full-potential linear muffin-tin orbital method reported that the anti-ferromagnetic (AFM) state is energetically more stable than the FM state in bulk Zn 1Àx V x O, while an early theoretical study 12) concluded that bulk Zn 1Àx V x O is FM. To understand these conflicting results it may be useful to study how the magnetic properties of V differ when they are substituted in bulk or thin film. First-principles calculation provides a unique means to answer this as it excludes experimental uncertainties and other extrinsic factors. Using first-principles calculations we have shown that V-doped ZnO thin film with 7% V doping is FM. 13) In this work, we investigate systematically the electronic and magnetic properties of bulk Zn 1Àx V x O system and study the effect of concentration and distribution of V atoms on magnetism and compare this with previous studies on thin films.
The theoretical calculations were carried out using density functional theory 14) and generalized gradient approximation (GGA) to exchange and correlation potential. The analysis of electronic structure and magnetic properties were performed using the PW91 functional 15) for GGA and a planewave basis set with the projector augmented wave (PAW) method 16) as implemented in the Vienna Ab initio Simulation Package (VASP).
17) The cutoff energy was set at 320 eV for the plane-wave basis. Because the energy difference between the FM and AFM states might be very small, high precision calculations were performed by setting the convergence in energy and force at 10 À4 eV and 10 À3 eV/Å , respectively. The accuracy of our calculations has been well established for ZnO systems in our previous works. 13, [18] [19] [20] [21] Pure ZnO normally crystallizes into the hexagonal wurtzite structure, which consists of Zn and O planes stacked alternatively along the c-axis, and the Zn and O ions are tetrahedrally coordinated. replaced two of the Zn atoms with V atoms in the supercells, corresponding to a doping concentration of 12.5% and 5.6%, respectively. The V-V distance and V-O-V bond angles in the supercells were varied by replacing the Zn atoms at different sites (see Fig. 1 and Fig. 2 ), until the total energy reached a minimum. The geometry of the supercells (ionic coordinates and c=a ratio) was fully optimized without any symmetry constraint.
We begin this work by looking at the electronic structure and magnetic properties of the Zn 0:875 V 0:125 O supercell. Geometry optimization and total energy calculation have been carried out for all the configurations in Fig. 1 . Configuration I-VI correspond to V atoms substituting Zn at sites marked (0,1), (0,2), (0,3), (0,4), (0,5), and (0,6) in Fig. 1 , respectively. In the first three configurations, V atoms cluster around O, while in the last three configurations, the two V atoms are separated along different directions. For each configuration, both FM and AFM spin alignments for the pair of V atoms were considered. Preferred magnetic coupling is determined from the total energy difference ÁE between the FM and AFM states (ÁE ¼ E AFM À E FM ). Positive ÁE means that the FM state is lower in energy that the AFM one. The calculations of magnetic moments located at each V atom were also performed self-consistently. In all the calculations, 216 k-sampling points in the irreducible wedge of the first Brillouin zone were used.
23)
The calculated results are summarized in Table 1 . We list the relative energy Á" with respect to the ground state and the energy difference ÁE in the second and third columns, respectively. The optimized V-V distance is given in the fourth column. We also tabulate the magnetic moments for each V and its neighboring O for all the configurations in the last column of this table.
We found that configuration I is the ground state with FM state lying 0.255 eV lower in energy that the AFM state. The V-V distance and the average V-O bond length are changed from 3.274 to 3.294 Å and from 1.998 to 1.961 Å respectively as a result of relaxation. The total magnetic moment of this system is found to be 4.76 B , while the Table 1 , we note that other configurations are higher than the ground state in energy by 0.080 eV to 0.142 eV. We have studied the electronic structure of the ground state configuration by calculating the electronic density of states (DOS). These are plotted in Fig. 3(a), (b) and (c). The total DOS for the ground state configuration of the Zn 0:875 V 0:125 O shows half-metallic character with an energy gap of 2.68 eV in the minority spin DOS. Because V atom has 5 valence electrons and substitutes for a Zn atom, 2 of the 5 electrons can replace the 2 Zn electrons in the valence band. The remaining 3 electrons have to be put in new localized d states in the band gap, and only the two e states and one of the three t states in the majority band are occupied. The minority gap states are empty, as shown in Fig. 3(a) . The majority density of states is finite at the Fermi level E F and hence is metallic, while the minority bands exhibit a gap at E F . Therefore at E F a 100% spin polarization exists, which is ideal for the efficiency of spin dependent devices. We also note that the new states are introduced either inside the valence band or above the valence band maximum (VBM) when the V atoms are incorporated into ZnO. The V 3d orbitals split into t 2 and e orbitals in a tetrahedral field of ZnO crystal structure and the O p orbitals have t 2 symmetry. Therefore, the induced V t 2 states above the VBM interact with the O p states, forming hybrid pd orbitals. Figure 3 (b) and 3(c) show that the metallic majority spin DOS at the E F is mainly composed of V t 2 and O p states, which suggests that the hybridization between V t 2 and O 2p is responsible for the half metallic behavior. We note that the t 2 states are higher in energy than the e states. This is quite reasonable because in tetrahedral coordination, the electrons in the We have repeated our calculations for the Zn 0:944 V 0:056 O supercell to study the effect of dopant concentration and distribution on the magnetic coupling. To determine the geometrical and magnetic ground state configuration of the supercell, the total energies, electronic structure and magnetic moments located on each V atom were calculated selfconsistently for all the configurations as shown in Fig. 2 , with 23) are used, respectively, for the structure optimization and for total energy and charge density calculations. The calculated results are summarized in Table 2 . We found that configurations I, II, and III (in Fig. 2 ) where the two V atoms cluster around a bridging O atom in different directions, are energetically nearly degenerate, while the other three configurations with a larger V-V distance are also energetically degenerate, and they are only slightly lower (20$80 meV) than those in configurations I, II and III. This clearly shows that there is no clear site preference for V atoms in bulk Zn 0:944 V 0:056 O. This is in agreement with experimental findings that V doping in ZnO is almost homogeneous. [2] [3] [4] [5] [6] [7] The FM state in configurations I, II, and III lies 0.204, 0.218, and 0.157 eV lower in energy than the AFM state, respectively. In configuration IV and V, the FM states lie only 56 and 35 meV lower in energy than the corresponding AFM states while in configuration VI the AFM state is lower in energy than the FM state by 22 meV. The calculated results suggest that if the dopant configurations in experiments are similar to those in configuration I to V, ferromagnetism will be observed. Moreover, since these energy differences are quite small, depending on experimental condition, one can expect that FM, PM, and AFM states are all possible in V-doped ZnO. This will account for the diverse magnetic behavior found in experiments.
We further investigated whether the magnetic coupling between the two V atoms remains FM and how V atoms are distributed when more than two Zn atoms are replaced by V in the supercell. We have performed calculations for the configurations where three Zn atoms were replaced by V in the (3 Â 3 Â 2) ZnO supercell, corresponding to a V concentration of 8.3%. We have carried out extensive search for the most favored geometric and magnetic configuration. Especially, we paid close attention to four configurations, as shown in Table 3 . For each configuration, calculations were performed with full geometry optimization for three different spin alignments, namely FM ("""), and ferrimagnetic ("#") and (""#). The calculated results are listed in Table 3 . We found that configuration IV is energetically most stable lying lower in energy by 0.147, 0.188 and 0.115 eV than the other three configurations, respectively. For the ground state, it was found that the (""#) spin alignment is lower by 0.031 and 0.030 eV in energy than that for (""") and ("#"), respectively. The total moment for this ground state was found to be 2.054 B with each V atom carrying a magnetic moment of (1.877, 1.877, À1:786) B . The results indicate that the V atoms at this concentration do not prefer to cluster in bulk ZnO, and the preferred magnetic coupling is ferrimagnetic. This is similar to the results found in other systems, such as (Ga,Cr)N 24) where the number of Cr atoms is larger than two in a supercell. Note that the energy difference between the different spin alignments is indeed small. Therefore, the magnetic coupling could be easily influenced by sample preparation conditions in systems with low concentration of V.
In summary, electronic structure and magnetic properties of V-doped bulk ZnO have been calculated from first principles using 2 Â 2 Â 2 and 3 Â 3 Â 2 supercells and spin polarized density functional theory with the generalized gradient approximation (GGA) to the exchange and correlation potential. We find the effect of V concentration on the magnetic coupling to be significant as it does affect the preferred magnetic coupling between V atoms: At low doping concentration (5.6% and 8.3%) FM, AFM and ferrimagnetic couplings are nearly energetically degenerate and V atoms are distributed uniformly in bulk ZnO. However, FM state becomes more stable as the concentration of V Energy relative to Fermi energy (eV) increases to 12.5% and they tend to cluster. Thus, diverse magnetic behaviors can be displayed depending on V concentration and distribution, as found in experiments. The present study provides an understanding for the conflicting experimental observations in V-doped ZnO systems. 
